consequence of blocking cytokinesis.
sophila embryos had shown degradation to be incomparently randomly through the cell ( Figures 1E-1H ) and in which there was overall a significant increase in polyplete but were complicated by the use of fixed preparations of embryos where the pattern of immunostaining ploid mitotic figures. The vihar locus was uncovered by chromosomal deficiencies that place the gene in the depended upon fixation conditions. The use of GFPtagged Cyclin B, however, has permitted time-lapse 69C-D region, consistent with the insertion site of the P-lacW element ( Figure 1I ). The mitotic index and prostudies in both Drosophila and mammalian cells that have suggested that Cyclin B degradation begins first portion of mitotic defects were increased in the larval brains of hemizygous mutant larvae, indicating the hypoon the mitotic apparatus and then occurs subsequently in the cytoplasm [16, 17] . In Drosophila, Cyclin B is morphic nature of the mutation. Both homozygous and hemizygous vih 1 females showed maternal effect lethaldegraded on the spindle in a wave that spreads from the poles and then subsequently in the cytoplasm. Conity and produced syncytial embryos that failed to develop as a result of mitotic defects (see below). sistently, in mutant embryos derived from centrosome fall off (cfo) mothers, Cyclin B is degraded on the deWe were able to revert the vih 1 semilethal and maternal effect lethal phenotype under dysgenic conditions to tached centrosomes but not on the acentrosomal spindles, as though the physical detachment presents a restore full viability and fertility when homozygous or when heterozygous against the original vih 1 allele or an barrier to the wave of cyclin destruction [18] . Degradation of spindle-associated Cyclin B has been attributed uncovering deficiency, Df(3L)iro-2 (see the Experimental Procedures). This experiment also generated one partial to APC/C associated with Fzy/Cdc20, and degradation of the cytoplasmic Cyclin B to Fzr/Cdh1, a protein that fully sterile revertant, vih
2
. The P-lacW element from the vih 1 mutant was inserted 9 bp upstream of a Drosophila only appears to be active after cellularization [19] . This led the authors to hypothesize that Fzy/Cdc20, localized consensus sequence for the initiation of translation and 129 bp upstream of the start codon of the open reading on the kinetochores and centrosome prior to the metaphase-anaphase transition, might mediate the degradaframe CG10682 (Gadfly; Flybase). A germline transformant in which the CG10682 cDNA was expressed tion of cyclin throughout the spindle once the metaphase checkpoint has been relieved at the kinetochore.
downstream of the polyubiquitin promoter fully restored the fertility of vih mothers. Thus, the vihar gene correHowever, the above hypothesis does not satisfactorily account for how Fzy/Cdc20 might direct Cyclin B degrasponds to CG10682. The amino acid sequence of Vihar revealed it to belong dation to begin at the spindle poles rather than elsewhere on the spindle. The possibility that components to the E2 family of ubiquitin-conjugating enzymes.
Within this family, Vihar shows more than 50% amino of the ubiquitination pathway other than the APC/C and its associated proteins may contribute to determining acid identity to E2s that are involved in the degradation of mitotic cyclins, the E2-Cs (Figure 2A ). The most highly the specificity of proteolytic degradation of proteins in mitosis by the APC/C was first raised by the finding of conserved region of the Vihar protein is the catalytic UBC domain (amino acids 105-119), within which lies a E2 enzymes that were specific for the mitotic cyclins [20, 21] . However, when the catalytic cysteine of the specific cysteine residue that is required for the ubiquitin-E2 thio-ester formation ( Figure 2B ). The protein also clam enzyme E2-C was changed to serine, this resulted in a dominant-negative form of the enzyme that was contains two putative destruction boxes (D1 and D2) at almost identical positions as those in the mammalian able to arrest mammalian cells in metaphase and inhibit destruction of both Cyclin A and Cyclin B [22] . Here, we E2-Cs [23] . We confirmed that Vihar was able to function as an E2 enzyme by demonstrating the ability of the show that elimination of E2-C function through either mutation or RNA interference in Drosophila cells results bacterially expressed protein to mediate the APC/Cdependent ubiquitination of Cyclin B ( Figure 2C ). We in the accumulation of Cyclin B principally at the centrosomes and a characteristic delay of cells in a metaalso constructed mutant forms of Vihar for expression in E. coli, one in which the catalytic cysteine residue phase-anaphase-like state. Metazoan E2-C enzymes themselves contain putative destruction D boxes [23] .
was mutated to alanine, and a second in which basic arginine and leucine amino acids in its two putative We now show directly that Drosophila E2-C is concentrated at the centrosome and that it is itself subject to D boxes (RxxL) were mutated to alanine residues. Whereas the former showed no catalytic activity in vitro, cyclical degradation. Expression of a D box mutant form of the Vihar E2-C enzyme leads to mitotic defects in the latter was still able to generate multiubiquitinated forms of Cyclin B, although at a reduced efficiency comwhich Cyclin B is degraded at the spindle poles but not in the equatorial region of the spindle. pared to the wild-type protein ( Figure 2C ).
Reduced Levels of Vihar E2-C Protein Lead Results to Metaphase-like Arrest
To gain further insight into the mitotic defects, we examVihar Encodes the E2-C Homolog of Drosophila We first identified the vihar (vih) gene of Drosophila ined the mitotic spindles of vih mutants. The central nervous systems of vih 1 larvae displayed characteristic through a semilethal P-lacW insertion in which about 20% of individuals die as pharate adults. The mitotic mitotic defects at a modest frequency consistent with those in orcein-stained squashed preparations (Table  index and (Table 1) . However, the mutant brains displayed aberrant mitotic dles were characterized by chromosomes being scattered throughout the length of the spindle and/or by the figures in which the chromosomes were scattered ap- (Figures 3A-3C ). The spindle poles that lacked centrosomes were characteristically broad, and in cultured cells subjected to vih RNAi. We followed the development of the phenotype over 3 days of treatment in all such cells the chromosomes appeared to be overcondensed. Embryos derived from mothers carrying with vih dsRNA, during which time Western blots showed substantial elimination of Vihar protein that was either the vih 1 or vih 2 alleles, whether homozygous, hemizygous, or transheterozygous, showed similarly aberassociated with a corresponding increase in levels of Cyclin B ( Figure 4A ). In the course of such experiments, rant mitotic spindles and had a greater reduction in levels of Vihar protein ( Figures 3D-3F) . Thus, the P inserthere was a 7-fold increase in the mitotic index, such that 40% of the cells arrested in mitosis with a 3-fold tion would appear to affect maternally driven components of the vih promoter more strongly than zygotic increase in the frequency of metaphases at the expense of a similar decrease in the proportion of cells in cytokiones. Such embryos rarely developed beyond the third nuclear division cycle, and all the mitotic figures showed nesis (Table S1 ). We found that vih dsRNA was able to phenocopy the characteristic spindle defects observed these defects. The mitotic figures in embryos at these stages frequently had a polyploid complement of chroin vih mutants and that the mitotic spindle never showed prominent lengthening as normally occurs in wild-type mosomes.
anaphase ( (Figure S2A ), suggesting that, as in the case of cells expressequatorial region but were significantly shorter (by approximately 60%) than the metaphase spindles in uning nondegradable Cyclin B, they were attempting chromosome congression [14] . Consistently, the Aurora B treated cells (Table S2) Figures 4D-4G) .
The E2-C family of ubiquitin-conjugating enzymes contains two destruction boxes that at least in the case This is consistent with the increase in Cyclin B seen in many cell types after APC/C inhibition, for example, of the mammalian protein are required to mediate the destruction of the protein during mitosis. We therefore following spindle integrity checkpoint arrest.
The scattered distribution of chromosomes in cells wished to determine whether the Vihar protein of Drosophila also underwent cyclical proteolysis. Because with reduced levels of Vihar resembled the phenotype seen following the expression of nondegradable Cyclin it is very difficult to obtain synchronized material for biochemical studies of cell cycle progression in Dro-B in Drosophila [5, 12-15]. In such circumstances, Parry and colleagues [14] showed that chromosomes undersophila, we approached this question in three different ways. We first used immunostaining to localize Vihar went an oscillating behavior due to reestablishment of E2-C at different mitotic stages in both cultured S2 cells In order to rule out the possibility that the diminution of Vihar immunostaining did not simply reflect its dispersal and in wild-type syncytial embryos.
In cultured S2 cells, we found that Vihar E2-C protein through the cell, we sought to demonstrate reduction in Vihar levels by Western blotting. To this end, we subaccumulated in nuclei as soon as the chromosomes started to condense and on the centrosomes while the jected cells to nocodazole treatment for 24 hr, causing them to accumulate in mitosis. The drug was washed daughter centrosomes had separated and were migrating ( Figure 5A ). At metaphase, it showed strong associaaway, and cells were analyzed at 1 hr intervals for the levels of Vihar E2-C and Cyclin B as a positive control. tion to centrosomes. The intensity of centrosome-associated Vihar E2-C staining was distinctly lower at The majority of both Vihar E2-C and Cyclin B had been degraded by 2 hr, and both were scarcely detectable at anaphase (Figure 5B ), but it was not until telophase/ cytokinesis that its degradation appeared to be maximal 3 hr after removal of the drug ( Figure 5F ). Thus, like Cyclin B, the E2-C enzyme is subject to proteolysis once ( Figures 5C-5E mental Procedures). Crossing such lines with one in vih mD1 had no effect, the expression of vih mD2 resulted in some mothers failing to produce viable embryos, and which the GAL4 protein is expressed from the maternal ␣-tubulin promoter activates female germline expresthe expression of vih mD1D2 resulted in complete maternal effect lethality. sion from the UAS-containing transgenes. Thus, the embryos derived from such mothers contain both wild-type We then carried out immunostaining experiments to determine whether expression of vih mD1D2 resulted in any and D box mutant Vihar E2-C protein.
When wild-type Vihar E2-C protein was expressed mitotic defects and, if so, whether they were associated abnormalities in Cyclin B degradation. In wild-type emfrom this maternal GAL4-driven system, we found that it was fully able to rescue the vih 1 maternal effect mutant bryos, Cyclin B is degraded on the mitotic spindle in an apparent wave that spreads from the poles toward the (Table 2 ). In contrast, neither vih mD1 , vih mD2 , nor vih mD1D2 was able to rescue this maternal effect mutant (Table  chromosomes as mitotic figures progress through the metaphase-anaphase transition. This is most clearly vis-2). This indicated that none of these constructs was fully functional. However, we were unable to see any ualized using GFP-tagged Cyclin B in cellularized embryos [16] but can be seen with some difficulty in immusignificant change in the embryonic phenotype above that of the background vih 1 mutant. When the three connostained fixed preparations of syncytial stage embryos ( Figures 6A-6C ). The expression of vih mD1D2 in embryos structs were expressed in a wild-type background, flies were fully fertile and displayed no maternal effect (Table  derived from hemizygous vih ϩ /Ϫ mothers resulted in roughly equivalent levels of wild-type and mutant pro-2). When, however, we reduced the gene dosage of wildtype protein to 50%, we found that the expression of tein ( Figure 6D ) and led to arrest of mitosis predomi-degradation in the region of the spindle poles, but not at the spindle equator, and this prevents completion of mitosis. This contrasts to loss of Vihar function when Cyclin B accumulates at the spindle poles.
Discussion
We describe for the first time the cellular phenotype that results from reduction in the levels of a Drosophila E2-C ubiquitin-conjugating enzyme, whose counterpart has been implicated in the degradation of mitotic cyclins in other organisms [20] [21] [22] [23] [24] . We have named this gene vihar (Hungarian for storm) after the characteristic mutant phenotype in which chromosomes are scattered throughout the mitotic spindle. We observed similar reductions in the levels of Vihar E2-C protein both in syncytial embryos derived from vih mothers and S2 cells subjected to vih RNAi that led to comparable mitotic abnormalities. The majority of mitoses were delayed as metaphase figures in which chromosomes had undergone congression to the equator of the spindle. As seen with other mitotic mutants in Drosophila, many of these mitotic spindles were lacking centrosomes from one or both poles. Thus, we are not able to attribute this aspect of the phenotype directly to reduction of the Vihar protein. that showed that its degradation began at the spindle poles in cellularized embryos [16] . Thus, stabilization of the Vihar E2-C permits Cyclin B ratio of wild-type to D box mutant Vihar protein the dominant-negative effect comes into action to prevent However, Vihar E2-C appears to be more tightly localized to the centrosome in the syncytial embryo than the late pattern of Cyclin B degradation. However, we feel that this explanation does not fully take into account Cyclin B, which has a more punctate distribution over astral microtubules and is more strongly associated with the spatial allocation of Vihar to different subcellular compartments. There is no reason to suspect that at other regions of the spindle. Vihar also has a tighter distribution on the centrosome than the APC/C compothe onset of mitosis the ratio of wild-type to D box forms should vary whether associated with the centrosome, nent Apc11 that clusters in a much larger "cloud" of staining around the spindle poles as if associated with spindle, or cytoplasm. Thus, even though the ratio of wild-type to D box forms would first reduce at the poles, astral microtubules (data not shown). Thus, the focus for APC/C activity may initially be the centrosome itself, it should remain unchanged in other parts of the cell, where there should still be sufficient wild-type Vihar to where Vihar E2-C would not be rate limiting.
Both of the Vihar D boxes appear to be required for give the potential for APC/C activity. Thus, the dominant-negative effect could be viewed from two perspecefficient destruction of the protein, because mutations in either box alone result in defects in embryonic develtives, being a result either of reduced E2 activity or of continued E2 activity albeit at a reduced level, but in opment, whereas expression of Vihar E2-C having mutations in both boxes gives a dominant mitotic phenotype.
either event the mutant protein would persist at the spindle poles. The outcome of either of these viewpoints Previous studies with the mammalian counterpart of Vihar had shown that mutation of these sequences stabiof the dominant effect might be similar: namely, the observed effect of preventing subsequent waves of lized the protein in an in vitro assay, but it had not been possible to study effects in vivo [23] . We have now Cyclin B proteolysis on the central part of the spindle and in the cytoplasm. Thus, our preferred hypothesis is shown that expression of the double D box mutant of Vihar leads to the preferential degradation of Cyclin B that the continued presence of this nondegradable form of Vihar at the spindle poles could block mitotic progresat the spindle poles and its continued presence in the that remain functional in these cells. Thus, it remains of
